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The anomalous thermal expansion in a layered 3d-5d based triple perovskite iridate Ba3CoIr2O9 is investi-
gated using high resolution synchrotron diffraction. Below the magneto-structural transition at 107 K, the onset
of antiferromagnetic order is associated with a monoclinic distortion of the hexagonal structure. Deeper within
the magnetically ordered state, a part of the monoclinic phase distorts even further, and both these structural
phases co-exist down to the lowest measured temperatures. We observe negative thermal expansion in this
phase co-existence regime, which appears to be intimately connected to the temperature driven relative fractions
of these monoclinic phases. The significant NTE observed in this system could be driven by magnetic exchange
striction, and is of relevance to a number of systems with pronounced spin orbit interactions.
Negative Thermal Expansion (NTE) - the counter intuitive
contraction of solids on heating - has been the focus of ex-
tensive experimental and theoretical investigations for many
years [1–4]. By virtue of their structural diversity and chemi-
cal flexibility, the transition metal oxides have proven to be
a fertile playground for uncovering new candidates which
exhibit this phenomena [5–9]. From the structural perspec-
tive, this phenomena is feasible in systems where the crystal-
lographic framework consists of strongly bonded polyhedra
units (also called rigid unit modes) [10], and here the NTE
occurs as a consequence of the transverse vibrations of these
units. NTE can also arise due to underlying electronic and
magnetic phenomena [11–13]. A significant advance in this
field was the observation of giant NTE in ZrW2O8 [14, 15],
which then paved the way for this phenomena to be discov-
ered in a number of other transition metal oxides. A variety of
structural classes like the zeolites, perovskites and its variants,
as well as spinels are now known to exhibit NTE [12, 16–19].
The 5d based transition metal oxides, specially iridates,
have recently gained considerable attention given the diverse
electronic, magnetic and structural ground states they exhibit.
A number of exotic phenomena ranging from spin-orbit liq-
uids, charge ordering, superconductivity, Weyl semi metals,
heavy fermions have now been reported [20]. Owing to the
extended nature of the iridium 5d orbitals, several energy
scales like the on-site Hubbard interaction U, Hund’s coupling
JH , the SOC λ, the crystal field ∆ and the hopping energy t
become comparable; and a complex interplay between these
competing scales result in their multifunctional attributes. A
relatively recent addition to the strongly correlated iridates are
the layered triple perovskites of the form A3XIr2O9 where A
is an alkaline earth metal, and X can be an alkali metal, al-
kali earth metal, 3d transition metal, or a lanthanide. Most of
these systems adopt a hexagonal 6H triple perovskite in which
the crystal structure is based onXO6 octahedra connected via
corners to face sharing Ir2O9 dimers. Given the complex ge-
ometry of corner and face sharing octahedras, the lattice is
frustrated and extremely susceptible to perturbations. It has
been observed that this frustration is typically released in the
form of a magnetic and structural phase transformation[21–
25]. In spite of the structural diversity and chemical flexibility
offered by these iridates, a functionality which has not been
seriously explored pertains to the feasibility of NTE in these
systems.
Here, we report structural and magnetic investigations of
Ba3CoIr2O9 - a 3d-5d based member of this triple perovskite
family. This system exhibits a structural transition at 107 K,
accompanied by the onset of canted antiferromagnetic order.
Unlike any other reported triple perovskite, this system shows
two structural transitions with clear evidence of phase co-
existence below 70 K. Moreover, we observe signs of mag-
netic stress driven negative thermal expansion at low temper-
atures in both these coexisting phases. Such a correlation be-
tween the stress and the crystallographic structure is possible
due to the open framework structure and flexible network in-
trinsic to this system, where open spaces facilitate lattice de-
formations and octahedral rotations. This stress, which has
a magnetic origin, could be important in a number of related
systems with large spin-orbit interactions.
Polycrystalline specimens of Ba3CoIr2O9 were synthesized
using the solid state synthesis route, and details of the syn-
thesis and characterization have been reported previously
[26]. Synchrotron x-ray diffraction measurements were per-
formed using the Materials Science (MS) X04SA beam line
(wavelength 0.56526λ) at the Swiss Light Source (SLS, PSI
Switzerland[27]. The powder sample was filled in a 0.3mm
capillary and the experiments were carried out in the tempera-
ture range 4.2 K-295 K. The crystallographic structure was an-
alyzed by the Rietveld method using the FullProf refinement
program [28]. The structures shown in the manuscript are
drawn using Vesta [29]. Magnetization measurements were
performed using a Quantum Design (MPMS-XL) SQUID
magnetometer.
Ba3CoIr2O9 crystallizes in an aristotype 6H-type BaTiO3
hexagonal (P63/mmc) structure at room temperature, con-
sistent with the previously reported triple perovskites[21, 30].
This structure constitutes of two IrO6 octahedra sharing a
face along the c axis, with these Ir2O9 dimers being con-
nected by corner sharing CoO6 octahedra. The structure of
the triple perovskites of the form A3BB′2O9 depends on the
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2Figure 1. Main panel: Temperature dependence of the monoclinic
angle β for the P63/mmc (©), C2/c () and P2/c () phases of
Ba3CoIr2O9. The variation of phase fraction of the monoclinic P2/c
and C2/c phases with temperature is depicted in the inset.
relative radii of A, B and B′ ions [31]. As the size of the
A cation increases, the BO6 and B′O6 octahedra rotate in
order to minimize the lattice energy. This tilting of octahedra
then modifies bond lengths and bond angles, as a consequence
of which the effective crystallographic symmetry is reduced.
The room temperature lattice parameters of Ba3CoIr2O9 as
obtained from Reitvled refinement of x-ray diffraction data
are a = b = 5.7639A˚, c = 14.2949A˚ and α=β= 90◦, γ= 120◦.
On lowering temperature, the structure transforms from the
hexagonal P63/mmc to a monoclinic C2/c symmetry at the
magneto-structural transition temperature of 107 K, with this
symmetry being retained down to 80 K. On further lowering
of the temperature, the system partially transforms to an even
lower symmetry (P2/c), with both these structurally disparate
phases coexisting down to the lowest measured temperatures.
The evolution of relative ratios of both the monoclinic
phases with temperature is shown in the inset of Fig1. For
all the crystallographic parameters deduced from analysis of
diffraction data, the error bars are of the same order (or
smaller) than the symbol size used. As the temperature is re-
duced, the C2/c phase gradually converts to the lower P2/c
symmetry. Interestingly, close to 40 K,(Tp) this phase ratio
is reversed and a part of the system slowly transforms back
to the higher C2/c monoclinic symmetry. The evolution of
these phases can be clearly observed in β which is the angle
between the crystallographic a and c axes, as depicted in the
main panel of Fig1. The plot can be divided into 4 regions.
Region I corresponds to the (paramagnetic) hexagonal phase
where β remains constant based on symmetry constraints. In
region II, there is a sharp increase in β because of the change
in symmetry at the magnetostructural transition. Region III
corresponds to the phase coexistence regime, and as the C2/c
Figure 2. (a) Temperature dependence of volume as determined for
P63/mmc ()), C2/c (©) and P2/c (). The vertical bar at 70K
and 40K indicate the onset of phase co-existence and the phase cross
over temperature TP respectively. (b) The reduced volume for C2/c
is plotted for comparison and a strong upturn is observed close to
40 K. (c) Variation of the coefficient of volume thermal expansion
αV for the C2/c and P2/c phases.
phase transforms to P2/c, the β value sharply increases till
the phase cross over temperature (Tp) is reached. As soon as
a maximum tilt angle of 90.084◦ is achieved, the phase re-
versal is triggered. This corresponds to region IV, where β
decreases with a concomitant increase in the relative fraction
of the C2/c phase. A similar trend is also observed for the
lower symmetry P2/c phase, with temperature dependence
of β and the phase fraction being inversely correlated to each
other.
On careful observation, these regions are also clearly de-
marcated in the temperature dependence of the volume, as
is shown in Fig2(a). A steep rise in the volume at 107 K
marks the onset of AFM order and a magnetostructural tran-
sition as confirmed by synchrotron and neutron diffraction.
A dashed vertical bar at 70 K indicates the onset of second
phase transition concomitant with the onset of a phase co-
existence region. Interestingly, the monoclinic P2/c phase
shows an anomalous behavior where the volume increases
as the temperature is lowered. This negative thermal expan-
sion is observed right from the phase transformation at 70 K
with a discontinuity at the phase crossover temperature Tp of
40 K. Since the magnetostructural transition from the hexago-
nal P63/mmc to the monoclinic C2/c phase at 107 K is ac-
companied by unit cell doubling, the reduced volume of the
P63/mmc phase and the volume of the C2/c phase are plot-
ted against temperature in Fig2(b) fo an easy comparison. A
subtle change in the slope the structural transition at 107 K is
followed by an marked upturn in the volume at 40 K as is also
depicted in the main panel. This clearly indicates the pres-
ence of negative thermal expansion in the C2/c phase as well
below the phase crossover temperature Tp.
The crossover from positive to negative thermal expansion
3Figure 3. (a) Temperature dependence of the c/a ratio for all the
structural phases encountered in Ba3CoIr2O9. The dashed bar indi-
cates the onset of magneto-structural transition and the dotted line
represents the start of phase co-existence regime. Variation of lattice
parameters c and awith temperature is depicted in (b) and (c) respec-
tive. The dashed and dotted line indicates onset of phase co-existence
and the phase cross-over temperature respectively.
results from the balance between two competitive factors: an-
harmonic phonon vibration and magnetic exchange-striction,
with each contributing to positive and negative thermal ex-
pansion respectively. The typical value of the coefficient of
volume thermal expansion αV [ = (1/V)dV/dT] for the proto-
typical NTE system ZrW2O8 is -2.7 x 10−5 K−1. The highest
values of αV for the P2/c and C2/c phases of Ba3CoIr2O9
are -1.21 x 10−5 and -0.8 x 10−5 K−1 respectively, which is of
the same order as that in reported in many prototypical NTE
materials [32, 33].
The temperature dependence of the c/a ratio for all the
structural phases is depicted in Fig3(a), and significant change
is observed just below the magnetostructural transition. This
is indicative of a structural distortion arising due to mag-
netic exchange striction - which in antiferromagnetic transi-
tion metal oxides results in the generation of a strain field
aimed at increasing the magnetic exchange energy [34]. The
lattice parameter c for both the monoclinic phases is depicted
in Fig3(b). For the P2/c phase, it increases as a function of
decreasing temperature for the entire temperature range, with
a discontinuity at Tp. On the other hand, in the C2/c phase, a
negative slope is attained only at Tp. Interestingly, the lattice
parameter a shows a NTE in the P2/c phase and a Positive
Thermal Expansion (PTE) in the C2/c phase throughout the
temperature range as shown in Fig3(c). The contrasting tem-
perature dependence of the lattice parameters is indicative of
anisotropic thermal expansion and also reinforces the critical
influence which the lattice parameter c has on the NTE in this
material.
The fact that none of the other triple perovskites reported till
date are known to exhibit NTE suggests that this phenomena
is driven by the phase coexistence and phase reversal which
Figure 4. (a) Main panel: Thermal evolution of face sharing Ir-O-
Ir angles within the Ir dimer depicted pictorially in the inset. O1(N)
and O2() represents the face sharing oxygen. (b) Main panel: Tem-
perature variation of the 3 unique Co-O-Ir angles made by cobalt and
Iridium in the C2/c and P2/c phases. Inset: A schematic represen-
tation of the cobalt octahedra connected via corner to Iridium. The
vertical dotted line represents the phase crossover temperature TP .
is unique to the Ba3CoIr2O9 system. There are broadly two
types of NTE [2]: one which arises solely due to a structural
origin - often termed as conventional NTE. In these systems,
the structural framework consists of strongly bonded polyhe-
dra units called RUMs (rigid unit modes) [10] and NTE occurs
as a consequence of the transverse vibrations of these units.
Due to its structural origin, they are generally present over a
broad temperature range. The other type of NTE is driven
by phase transitions, with underlying phenomena like charge
transfer [35], ferroelectric order [36], magnetic and orbital or-
dering [37], giant magnetocaloric effect [38] being responsi-
ble. Interestingly, many oxides like LaMnO3 [7, 8], SrRuO3
[9], AlFeO3 [12] exhibit this type of NTE. Prerequisites for
observing negative thermal expansion by the transverse ther-
mal motion of oxygen include: (i) an open framework struc-
ture with oxygen in a two-fold coordination, (ii) strong metal-
oxygen bonds to avoid significant thermal expansion of the
bond length, and (iii) rigid polyhedra which are free to tilt
back and forth with little or no change in shape. The mon-
oclinically distorted triple pervskite structure of Ba3CoIr2O9
appears to be susceptible to distortions allowed by the RUM
model due to the flexible network and open framework struc-
ture intrinsic to this symmetry. Interestingly, these rotations
of the IrO6 and CoO6 octahedra also allows for the overall
4Figure 5. Top panel: Temperature-dependent dc magnetization data
measured in a magnetic field of 100 Oe for Ba3CoIr2O9. Red and
black curves indicates the tilt angle of CO6 octahedra for C2/c and
P2/c respectively, as shown in the schematic below. The CO6 octahe-
dra sits at the corner and θ is the angle formed by the apical oxygen
with the c-axis.
monoclinic symmetry to be preserved while transforming to
a lower space group. Fig4(a) displays the change in the Ir-O-
Ir bond angles in the face sharing dimer for the C2/c phase.
Although the Ir-O2-Ir angle remains relatively rigid below the
magnetostructural transition, the Ir-O1-Ir angle has a strong
temperature dependence. As soon as it reaches the maxima
of octahedral tilting at the phase cross over temperature (TP ),
the octahedra are buckled, as is reflected in the sharp decrease
in the Ir-O1-Ir angle. A similar trend is seen in Co-O-Ir for
the P2/c monoclinic phases as shown in the Fig4(b), where a
distinct change of slope corresponding to the buckling of the
octahedra is observed.
This correlation between the NTE and the octahedral distor-
tions is seen even more clearly in the temperature dependence
of the tilt of the CoO6 octahedra which sit at the corners of
the unit cells in both the C2/c and the P2/c phases, as is de-
picted in Fig5(a). In the mononclinicC2/c phase, this angle is
initially invariant, and increases on approaching the phase co-
existence regime. The stabilization of the mononclinic P2/c
phase partially relieves this rotation, and this quantity is seen
to be inversely correlated in both the phases. This is an indi-
cator of how the lattice strain in one of the phases is relieved
by the stabilization of the other. Moreover, signatures of this
phase coexistence is also seen as a hump in the dc magne-
tization, which is also plotted in the same graph for clarity.
Though there is no evidence of a low temperature magnetic
Figure 6. Main panel:) Temperature-dependent dc magnetization
data measured under a magnetic field of 100Oe under field-cooled
warming (FCW) and field-cooled cooling (FCC) protocols. Inset:
Temperature dependence of zero field-cooled (ZFC) dc magnetiza-
tion data of Ba3CoIr2O9 at different magnetic fields.
transition in this system, it is evident that the magnetization
is modulated by the crystallographic structure, indicating the
intimate connection between the two.
Our prior neutron diffraction and first principles calcula-
tions indicate that the spins are predominantly aligned along
the crystallographic c-axis in this system [26]. With the struc-
tural distortions and magnetization appearing to be intimately
coupled, it is not surprising that the major lattice change is
observed along this direction. Fig6 depicts the hysteresis in
the magnetization as measured in the Field Cooled Cooling
(FCC) and the Field Cooled Warming (FCW) protocols in the
phase coexistence regime. This indicates the first order na-
ture of this transition, which is associated with formation of a
new phase P2/c inside the monoclinic C2/c phase which is
stabilized below the magnetostructural transition at 107 K.
This intimate coupling between the magnetism and NTE is
reminiscent of the large magnetostriction and NTE observed
in the frustrated spinel ZnCrSe4 [16]. It was suggested that
the NTE in that system arose as a consequence of a highly
frustrated lattice, with exchange-striction being the driving
mechanism. We note that in Ba3CoIr2O9 which orders mag-
netically at 107 K, a fit to the high temperature magnetiza-
tion data gave a Curie-Weiss temperature (θCW) of 6.35 K,
which is clearly suggestive of mixed ferro-antiferromagnetic
interactions. This was also confirmed by measurements of
MH isotherm, where a small loop opening -typical of ferri-
, or weak ferromagnetic systems- was observed. The mag-
netic structure in the C2/c phase was deduced to be a canted
antiferromagnet, with the main antiferromagnetic component
along the c axis. Though the antiferromagnetic magnetic
structure in the P2/c phase remains to be ascertained, it is
likely that it only differs in the extent of the canting angle. An
interesting aspect of Ba3CoIr2O9 pertains to the temperature
regime in which NTE is observed. For instance, in systems
like Ca2RuO4[13], Pb(Ti,V)O3[39], Mn3ZnN [40], the NTE
5is driven by an electronic or magnetic phase transition, and is
observed (or has its onset) in the transition region. Conversely,
in the ZnCrSe4 system, NTE was observed predominantly in
the paramagnetic regime (starting from T > 3×TN ) down to
the magnetic transition temperature, owing to short range spin
fluctuations characteristic to geometrically frustrated mag-
nets. In contrast to these cases, the NTE in Ba3CoIr2O9 is
observed deep within the AFM state, and is intimately related
to a phase coexistence between the two disparate monoclinic
phases.
This situation is similar to that reported earlier in the rare
earth vanadates of the form RVO3 (with R = Sm, Ho, Yb,
Pr or Y) [41, 42], where competing orbitally ordered phases
coexist as a consequence of the competition between the lat-
tice strain arising out of octahedral tilting and that due to
exchange-striction. We speculate that a similar mechanism
is at play here, and that the temperature evolution of the struc-
turally disparate monoclinic phases in Ba3CoIr2O9 arises as a
consequence of the interplay between exchange striction, rel-
ative energy difference between the C2/c and P2/c phases,
as well as octahedral rotations in each phase. On travers-
ing the magnetostructural transition from the high tempera-
ture paramagnetic (P63/mmc) state, we first encounter the
C2/c phase which appears to be energetically most favorable.
However, increasing exchange striction as a function of re-
ducing temperature strains the lattice, which in turn is par-
tially relieved by a conversion of a part of the C2/c phase to
the lower symmetry P2/c phase starting from 70 K. The rel-
ative energy difference between these monoclinic phases ap-
pear to be dynamic, and below the crossover temperature, a
part of the P2/c phase converts back to the higher symmetry
C2/c phase. However, this alone does not compensate for the
exchange striction induced strain, and a part of it is accom-
modated by the octahedral rotations in both these disparate
phases which then manifests itself in the form of NTE in both
of them.
This interplay between competing phases is also likely to
make the ground state amenable to external perturbations. A
pronounced magnetic field dependence of the NTE has been
previously observed in ZnCrSe4 [16] where the balance be-
tween the AFM and FM states in the frustrated magnetic
spinels can be easily tuned with the application of a magnetic
field [16, 43]. Though both the co-existing phases in the case
of Ba3CoIr2O9 are AFM, it is quite likely that perturbations
like pressure, or magnetic fields can tilt the balance between
them. Our Zero field cooled measurements at different applied
magnetic fields as shown in the inset of Fig6 indicates that
the broad hump-signifying the region of phase co-existence
gets suppressed and shifts to even low temperature values as a
function of increasing magnetic fields. Magnetic field depen-
dent measurements of x-ray diffraction and magnetostriction
are likely to throw more light on the evolution and dynamics
of these co-existing phases.
In summary, we report on the existence of a low temper-
ature regime of negative thermal expansion in a new 3d-5d
based triple perovskite iridate Ba3CoIr2O9. This unusual tem-
perature dependence of the volume is intimately related to the
co-existence of two closely related monoclinic phases, and the
temperature dependence of their relative phase fractions. The
underlying driving mechanism appears to be the antiferro-
magnetic exchange striction, which precipitates a phase con-
version from a monoclinic C2/c phase to a more distorted
P2/c phase as a function of decreasing temperatures. Be-
low a phase crossover temperature of 40 K, the phase ratios of
these monoclinic phases inverts, with remainder of the strain
being accommodated by octahedral distortions which mani-
fests itself in the form of a negative thermal expansion in both
these phases. This work opens up opportunities in exploring
NTE in intrinsically layered systems which are characterized
by strong spin orbit interactions.
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